I. INTRODUCTION
Recently, a novel way to lower recombination at the standard Mo/CIGSSe rear interface of CIGSSe solar cells has been developed, i.e. an Ab03 rear surface passivation layer with nano-sized local point openings. This idea stems from the Si solar cell industry, where at the rear of advanced cell concepts surface passivation layers are combined with micron sized point openings, e.g. passivated emitter and rear cells (PERC). Such a passivation layer is known to reduce interface recombination by chemical (equals a reduction in interface trap density) and field effect passivation (equals a fixed charge density in the passivation layer that reduces the surface minority or majority charge carrier concentration), while the point openings allow for contacting. In the case of pure selenide CIGSe solar cells a prototypical method has been developed, where an e-beam lithography process is used to generate well-controlled grids of nano-sized openings in an Ab03 passivation layer; resulting in rear-passivated cells with ordered grids of nano-sized local rear point contacts. This Ab03 layer is used to passivate CIGSe surfaces because of similar arguments made as for its use as Si surface passivation layer, i.e. chemical and field effect passivation. Integration of this nano-structured passivation layer in CIGSe solar cells with ultrathin (:S 500 nm) absorber layers shows an increase in Voc and Jsc compared with corresponding unpassivated reference cells, which is explained by an improvement in rear surface passivation and optical confinement, respectively. See In this work, this nano-structured Ab03 rear surface passivation design is implemented in ultra-thin CZTS solar cells, to study and potentially improve the rear Mo/(Ab03/)CZTS interface. CZTSSe is very similar to CIGSSe in optoelectronic and crystallographic properties, and -thanks to its use of earth-abundant elements -presents a sustainable alternative to CIGSSe. However, CZTSSe cell technology requires significant improvement as the record cell efficiency is 12.6% only, which is rather low compared to the 2l.7% best CIGSSe efficiency. Therefore, present research is focused on enhancing (i) the solar cell device structure (absorber/rear-contact and absorber/buffer-layer interfaces) and (ii) the absorber quality (grain boundaries and bulk), see [2] and references therein for more details. To address some of these topics, in this study an Ab03 rear surface passivation layer with nano-sized point openings is integrated in pure sulfide CZTS solar cells. This way, the impact of this progressive solar cell design on typical CZTS solar cell issues as 'the large recombination rate at and chemical instability of the Mo/CZTSSe rear interface', and 'the presence of a wide variety of defects and secondary phases in the absorber' is investigated.
II. EXPERIMENTAL
The Ab03 rear surface passivated CZTS solar cell fabrication and characterization sequences are summarized in Table 1 ; for more details concerning the general cell processing, the nano-structured Ab03 passivation layer formation or the CZTS absorber layer formation, see [1, 3] . 
III. RESULTS AND DISCUSSION
Reducing CZTS absorber layer thickness in unpassivated reference solar cells decreases Voc and Jsc, largely because of high rear surface recombination and incomplete absorption, but also reduced absorber quality. Fig. 2 shows the average Voc and Jsc of unpassivated reference CZTS solar cells with ever thinner absorber layers. Indeed, this figure illustrates a reduction in Voc (-24%reL), Jsc (-27%reL), fill factor (FF; -9%red and power conversion efficiency (PCE; -49%red if the CZTS absorber layer is reduced from 2000 nm down to 500 nm . As all cell processing and XRF results are equivalent, absorber layer thickness (tCZ TS ) should be the main variable for these cells. In that case, the most logical explanation for these Voc and Jsc losses are a high recombination rate at the Mo/CZTS rear interface and incomplete absorption, respectively, which both become most obvious in the case of very thin absorber layers. However, the overall picture is more complicated as experimental results also indicate that the thinnest CZTS layers are more sensitive to secondary phase segregation (SnS and ZnS) and non-uniform defect properties. Nevertheless, these solar cells with an ultra-thin absorber layer (:S 500 nm) are still excellent study devices to investigate the rear CZTS surface. Introduction of the proposed nano-structured Ah03 rear surface passivation design in ultra-thin CZTS solar cells shows potential to significantly lower rear surface recombination or enhance optical confmement. Table II gives an overview of measured ultra-thin CZTS solar cells (tcZTS = 400 nm) with and without an Ah03 (deposited by ALD or DC-sputtering) rear surface passivation layer having nano-sized point openings. Representative J-V and EQE curves for these cells are presented in Fig. 3 , which also includes curves for a representative thick unpassivated reference cell (tcZTS = 2000 nm), as taken from [3] . First, note that the ultra-thin unpassivated reference cell measurements with tCZTS = 400 nm agree reasonably well with the results obtained in Fig. 2 . Additionally, Table II and Fig. 3 demonstrate that implementing an Ab03 rear surface passivation layer increases Voc (in the case of DC-sputtered Ab03, see e.g. Fig. 3(a) ) or Jsc (in the case of ALD Ab03, see e.g. Fig. 3(b) ) compared to the corresponding ultra-thin unpassivated reference cells. If the absorber layer would be equivalent for all cells, this would indicate improvements in rear surface recombination and absorption, respectively. Unfortunately, the presence of this Ab03 passivation layer during precursor annealing appears to impact the chemical stability of the Mo/CZTS interface (no MoS2 interfacial layer is seen in SEM images) and might even impact the CZTS absorber layer quality (but the present SEM images are inconclusive). Besides -as already mentionedultra-thin CZTS absorber layers are more sensitive to SnS (equals a lower bandgap absorber, which is expected to be less detrimental if the rear contacting area is reduced substantially « 5 %) due to the presence of a passivation layer between the CZTS absorber and Mo rear contact) and ZnS (equals dead area) secondary phase segregation than thicker absorbers. Clearly, many questions remain and thus complementary in depth characterization to study the rear interface and absorber layer of these rear passivated cells is ongoing. However, the obtained results already indicate that introducing a rear surface passivation layer in ultra-thin CZTS solar cells can have a positive impact on V oc (+49%rel in the case of DC-sputtered Ab03, thus very comparable with the average V oc of the thick unpassivated reference cells, as shown in Fig. 3(a) ) or Jsc (+ 17%rel in the case of ALD Ab03, represented by an EQE curve in between the EQE of ultra-thin and thick unpassivated reference cells, as shown in Fig. 3(b) ), compared to the corresponding unpassivated reference cells. Even more, although both effects have not yet been combined in one cell (as opposed to the case of rear-passivated CIGSe solar cells, see [1] ), a promising efficiency improvement of 52%rel is obtained for the rear passivated cells with a DC-sputtered Ab03 passivation layer. As a [mal note, Fig. 3(a) also indicates an increased series resistance after implementation of the rear surface passivation design, which is anticipated to improve if the spacing between nano-sized contacts is reduced (211m spacing is -as expected -on the large side). However, better understanding is essential: therefore (i) new experiments with alternative passivation layers and reduced point contact spacing (see Fig. 3(a) ) and (ii) an in-depth EBIC and TEM energy dispersive X-ray spectroscopy (EDS) study (see Fig. 1 and [2] ) are ongoing, and also (iii) an ultra-thin CZTS solar cell SCAPS model is under development (see [4] ). 
